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Title : METHOD FOR THE FABRICATION OF SUSPENDED POROUS SILICON 
MICROSTRUCTURES AND APPLICATION IN GAS SENSORS. 

5 

DESCRIPTION OF THE INVENTION 

Field of the Invention 

10 This invention relates to a method of fabricating suspended porous silicon membranes 
and to devices made employing this method. 

Description of the related art 

15 For the fabrication of micromachined gas sensors, a lot of effort has focused on the 
development of methodologies for the formation of membranes used as support for the 
heater. In particular, two different structures have been utilized (Simon et aL, Sensor 
and Actuator B 73, p.l, 2001): The closed-type membrane, where the membrane 
overlaps the silicon substrate along its periphery and the suspended-type membrane 
20 (also called spider-type and micro hot-plate). In the latter, the membrane element is 
connected to the Si substrate by means of supporting beams, and the central portion of 
the membrane is suspended over a cavity that is etched in the substrate. 
The closed-type membrane is formed by means of anisotropic (crystallographic) etching 
of silicon from the back side of the wafer. Wet etchants like KOH and EDP are typically 
25 used. Appropriate etch stops for these etchants are silicon nitride, silicon oxide or 
Boron- doped silicon. For the formation of the membrane, two different techniques have 
been utilized. The first, which is more popular, uses silicon oxide and/or silicon nitride 
as membrane and insulation materials to obtain membranes of typical thickness between 
1 and 2 fim [(a) G. Sberveglieri et al. Microsyst. Technology p. 183, 1997, (b) J. 
30 Gardner, Sens. Actuators B 26/27, p. 135, 1995 and (c) D. Lee, Sens. Actuators B 49, 
p. 147, 1996]. The second method, which has been applied recently, uses nitrided porous 
silicon of thickness between 25 and 30 /an (Maccagnani et al., Proceed, of the 13 th 
European Conference on Solid-State Transducers, The Netherlands 1999) that can be 
obtained by silicon anodization and subsequent nitridation. Silicon oxide, silicon nitride 
35 and nitrided porous silicon all possess low thermal conductivities and can provide good 
thermal isolation between the heated active area and the membrane rim. 
On the other hand, the suspended-type membrane is completely processed from the 
front-side. Therefore, the suspended membrane is often said to be more compatible with 
CMOS processing (Gaitan et al., US Patent 5,464,966). The suspended membrane is 
40 either formed by anisotropic wet etching with KOH or EDP from the front side or by 
sacrificial etching of oxide layers. Sacrificial etching of porous silicon is another 
possibility to obtain suspended membranes (Nassiopoulou et aL, Patent No 
PCT/GR/00040, published by WIPO 12/11/1998, Greek Patent OBI 1003010). 
Suspended polycrystalline and monocrystalline membranes have been fabricated using 
45 this technique by Kaltsas and Nassiopoulou [(a) G. Kaltsas and A.G. Nassiopoulou, 
Mat. Res. Soc. Symp. Proc, 459, p. 249, 1997, (# G. Kaltsas and A. G. Nassiopoulou, 
Sens. Actuators: A65, p. 175, 1998] and suspended nitride membranes by Gardeniers et 
al (J. G. E. Gardeniers et al., Sens. Actuators A60, p. 235, 1997). The typical lateral 
dimensions of suspended membranes range between 100 and 200 /im. 
50 The use of suspended membranes is generally preferred compared to the closed-type 
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membranes. The reason is that the thermal losses from the suspended-type membrane 
are minimized, since they occur only through the supporting beams of the membrane, 
5 compared to the closed membrane where thermal losses occur along its periphery. 

Highly porous silicon (with porosity -65%) has very good thermal properties similarly 
to silicon oxide. In sensor applications, it has been used in two ways: as a material for 
local thermal isolation on a silicon substrate [(a) Nassiopoulou et al., Patent No 
PCT/GR/00040, published by WIPO 12/11/1998, Greek Patent OBI 1003010, (b) G. 
10 Kaltsas and A.G Nassiopoulou, Sens. Actuators A 76, p. 133, 1999] and as sacrificial 
layer for the formation of suspended membranes. Recently, nitrided porous silicon 
membranes were fabricated using backside etching. Maccagnani et al. (Maccagnani 
Proc. of the 13 th European Conference on Solid-State Transducers, The Netherlands, 
1999) fabricated closed-type, nitrided porous silicon membrane, by using backside etch 
15 with KOH. The disadvantages of the proposed method are the need for double-side 
alignment before the bulk silicon etching from the back side and the need for more 
space due to the sloped side-walls (lateral dimension needed to form a membrane is 
larger by 40%). Plasma etching techniques like high aspect ratio silicon etching which 
is capable of forming vertical walls might therefore be an alternative to wet etching, 
20 allowing for a higher number density of sensors on a wafer compared to wet etching 
techniques. An alternative process for the fabrication of closed type membranes using 
front side micromachining technique is proposed by Baratto et al. (C. Baratto, Thin 
Solid Films, p. 261, 2001), based on the electropolishing of the silicon substrate after 
the formation of the porous silicon layer in order to form a cavity beneath the porous 
25 silicon. However in the case of closed type membranes, the thermal losses due to the 
membrane support area are increased compared to suspended membranes which have 
reduced contact area with the substrate, as stated previously [(a) G. Kaltsas and A.G. 
Nassiopoulou, Mat. Res. Soc. Symp. Proc, 459, p. 249, 1997, (b) J. G. E. Gardeniers et 
al., Sens. Actuators A60, p. 235, 1997]. 
: 30 Bulk silicon micromachining by plasma etching has been successfully used for the 
release of lightly doped Si structures overlaying a buried heavily doped n + layer. The 
method is based on the high lateral etching rate of the n + layer in contrast to the 
anisotropic etching of lightly doped Si in CI2/BCI3 plasmas (Y.X. Li, et al, Sensors and 
Actuators A57, p. 223, 1996). However, due to the relatively slow lateral etching of 
35 heavily doped n + layer and the relatively small selectivity of the process with respect to 
masking material (PECVD oxide layer), the lateral dimension of the released structure 
was limited to about 4 fim. In addition, a combination of high aspect ratio anisotropic 
and isotropic etching in F-based plasmas has been employed for the release of free- 
standing microcantilevers and bridges from multi-layer substrates (Si-SiCVpolySi-SiCV 
40 Si sandwiched wafers) (C. Cui et al., Sensors and Actuators A70, p.61, 1998). In this 
case, the released structures remain intact from the isotropic etching process, as they are 
protected by SiC>2 layers or fluorocarbon plasma deposited layers. Although this method 
offers the possibility of fabrication and release of high aspect ratio microstructures, it is 
based on the complicated process of fabrication of multi-layer substrates. Generally 
45 speaking, the release of single-crystal silicon structures from the substrate through the 
front side of the wafer can be achieved by means of a combined directional and 
isotropic silicon dry etch if the structures are protected on the sides by a Si-etching 
selective mask such as for example Si0 2 (F. Ayazi, et. al. JMEMS 9(3), p. 288, 2000). 
In the present invention, the released structure is made of porous Si, which simplifies 
50 extremely the process : The high selectivity of the used isotropic Si etching process with 
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respect to porous Si makes unnecessary any protection of the structure to be released. 
5 Summary of the invention 

It is an object of this invention to provide a method of fabricating suspended porous 
silicon membranes in the form of bridges or cantilevers, based on front side 
micromachining by means of dry etching techniques for the membrane release. 
10 It is yet another object of this invention to provide a method for the fabrication of gas 
sensors, using suspended porous silicon membranes. 

It is yet another object of this invention to provide a method for the fabrication of 
thermal conductivity sensors, using a heater on top of suspended porous silicon 
membranes. 

15 The methodology that is described in the present invention gives the ability to utilize 
membranes for thermal sensors that combine two major innovations: 
a) The ability to fabricate suspended Porous Silicon membranes, in the form of bridges 
or cantilevers, with good mechanical strength (compared to Si0 2 or Si 3 N 4 
membranes) and minimal thermal losses compared to the closed-type membranes. 
20 b) The use of front side micromachining techniques for the fabrication of the 
suspended porous silicon structures with maximum device density. 

Brief description of drawings 

25 Figs. 1A through 1C are cross sectional schematic drawings illustrating the method for 
the fabrication of suspended Porous Silicon Membranes. 

Figs. 2A to 2C are plan view schematic drawings of various Porous Silicon membranes. 

30 Figs. 3A through 3C are cross sectional schematic drawings illustrating the process for 
the fabrication of a calorimetric type gas sensor, using a heater and/or a resistor as a 
thermal sensing element. 

Fig. 4 Plan view schematic of a calorimetric type sensor. 

35 

Figs. 5A through 5C are cross sectional schematic drawings illustrating the process for 
the fabrication of a conductometric type gas sensor 

Fig 6 is cross sectional schematic drawings illustrating a thermal conductivity sensor. 

40 

Description of the preferred embodiments 

Figs. 1A through 1C are schematic drawings illustrating the fabrication process of 
45 suspended Porous Silicon membranes. As the base material (1), doped monocrystalline 
or polycrystalline silicon is used. The dopant concentration in the substrate can be either 
n type or p type with concentrations greater that 10 14 cnf 2 . Porous silicon (2) is formed 
in predefined areas of the said substrate. Various masking techniques have been used for 
the local formation of porous silicon. These techniques include deposition and 
50 patterning of various layers such as Si 3 N 4 , Si0 2 , SiGe, SiC, polycrystalline silicon and 
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combination of them as well as ion implantation techniques. The masking material or 
method for the local patterning of porous silicon is not a limiting factor for the method 
5 described in this invention. 

Fig. 1A shows the substrate (1) and the defined Porous Silicon area (2). The mask for 
the local formation of Porous Silicon (not shown in figure 1A), may consist of a silicon 
dioxide layer and a polysilicon layer, according to one of the embodiments of the 
present invention. After the formation of the porous silicon areas, an insulating layer (3) 

10 is deposited on top of porous silicon (Fig IB). The insulating layer (3) can be SiC>2, or 
Si3N4 or any combination of them. Subsequently, photoresist (4) is deposited on top of 
the wafer and etch windows (5) are opened using standard photolithography techniques. 
Depending on the design and the geometrical characteristics of Hie Porous Silicon 
membrane (2), the etch windows (5) are placed at the periphery of the porous silicon 

15 membrane (2) or at predefined places inside the membrane (Fig IB). The removal of the 
insulating layers (3) and the mask, that is used for the local formation of porous silicon 
(2) can be achieved either by wet or dry etching techniques. Then the etch windows (5) 
extend down to the silicon substrate (1) adjacent to the porous silicon membrane (2). At 
this point, the silicon material from underneath the porous structure is removed by a 

20 combination of anisotropic / isotropic dry etching processes. Experiments that have 
been performed by the inventors showed that the etching rate of thermally treated 
porous silicon is about 100 times slower compared to the etching rate of silicon 
substrate for anisotropic and even slower for isotropic etching. For this reason the 
porous membrane remains virtually unaffected during the lateral plasma etching of the 

25 silicon substrate. Fig. 1C shows a cross section schematic of the released Porous Silicon 
membrane where the cavity (6) formed under the porous silicon (2) is shown. Figs. 2A 
to Fig 2C show various top view designs of suspended Porous Silicon structures, where 
we can see the silicon substrate (1), the porous silicon membrane (2) and the porous 
silicon supporting beams (7). The membrane is suspended over the cavity (6). 

30 One of the key parameters for the successful implementation of the methodology that is 
described in the present invention is the optimization of dry etching conditions. Various 
processes can be used provided that the etching conditions are selected in such a way 
that the process is highly selective to silicon etching compared to Porous Silicon 
etching. For example, an F-rich gas as sulfur hexafluoride is used which has a flow of 

35 between 100-300 seem and a processing pressure between 1 and 10 Pa. The plasma 
generation preferably takes place with a high frequency supply (13.56 MHz) at outputs 
between 500 W and 2000 W. At the same time, a low substrate voltage for ion 
acceleration is supplied to the substrate electrode. The substrate voltage is preferably 
between 30 and 60 V. 

40 One of the phenomena that is observed during dry etching, is that the etch rate depends 
on the dimensions of the etch windows. This phenomenon has been observed in the past 
in high aspect ratio Si etching and is known as RJE lag. Experiments that were 
performed by the inventors demonstrated that this influence exists also for lateral 
etching of Si. However this influence of the dimension of the etch window on the Si 

45 etch rate does not impose any constraints on the method that is described in the present 
invention. On the contrary, by carefully designing the position and the dimensions of 
the etch windows, it is possible to benefit from this dependence and release selectively 
suspended microstructures of certain shapes, and sizes. 

Another key parameter for the successful implementation of the proposed methodology 
50 is the optimization of mechanical properties of the characteristics of the Porous Silicon 
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layer. It is obvious that the structural characteristics of the Porous Silicon membranes 
(porosity, thickness, pore size) and the subsequent thermal treatment have to be 
5 optimized according to the design and geometrical characteristics of the layer. With the 
aid of the methodology proposed in the present invention, suspended Porous Silicon 
membranes have been formed with thickness ranging from few run to several 
micrometers and with size up to several millimeters. 

In another embodiment of the present invention, a calorimetric type gas sensor is 
10 fabricated. In that case, after the local formation of the Porous Silicon areas (2) an 
insulating layer (3) is deposited, as shown in Fig. 3 A. The insulating layer can be either 
Si02, or Si3N4 or any combination of them. However, it is desirable to use an insulating 
material with very low thermal conductivity. A heater (8) is formed on top of the said 
insulating layer (3) (Fig. 3 A). The heater is made either of doped polycrystalline silicon 
15 or any conducting layer or layer combination, as for example Pt/Ti. An insulating layer 
9 is then deposited on top of the heater (8) (Fig. 3B). The deposition method of the said 
insulating layer (9) depends on the nature of the heater. For example if the heater is 
made from polycrystalline silicon, the insulating layer can be Si0 2 deposited by 
LPCVD or LTO techniques. A catalytic layer (10) is then deposited on top of the said 
20 insulating layer (9) (Fig. 3B). For the particular embodiment described, the selection of 
the catalytic material can be made over a vast range of materials, such as Pt, Pd for 
example. The choice of the catalytic material will depend on the properties of the gas to 
be detected The only limitation for the catalytic material, according to the methodology 
described in the present invention, is to remain unaffected by the processes that follow, 
25 and particularly by the removal of the photoresist, which can be performed either by 
using wet techniques (for example by exposure to organic solvents such as acetone) or 
dry etching techniques (for example 0 2 plasma). The patterning of the catalytic layer 
, can be achieved either by the lift-off technique or by standard photolithography 
techniques combined with wet etching, if needed. The temperature change from the heat 
30 that is generated of absorbed from the catalytic reaction of the gases on the surface of 
the catalytic layer (10) can be detected, either by the heated resistor (8) or by a second 
resistor, a sensing resistor, that is implemented in the device (not shown on Fig. 3). 
Alternatively, integrated thermopiles can be used to detect the temperature changes due 
to the catalytic reaction. 
35 After the deposition and patterning of the said catalytic material (10), photoresist (4) is 
deposited on top of the wafer and etch windows (5) are opened using standard 
photolithography techniques, as shown in Fig. 3C. The release of the Porous Silicon 
membrane is performed as described previously. Fig. 3C shows a cross section 
schematic drawing of the gas sensor, where we can see the cavity (6) that is formed 
40 under the porous silicon (2). Fig. 4 shows a plan view drawing of the device, where we 
can see the silicon substrate (1), the porous silicon membrane (2), the porous silicon 
supporting beams (7) and an indicative design of the heater (8). 

In another embodiment of the present invention, a conductometric type gas sensor is 
fabricated. The fabrication process for the formation of the porous silicon area (2) and 

45 the heater (8) is similar to the process described above (Fig 5 A). After the deposition of 
the isolation layer (9) on top of the heater, conductive electrodes (1 1) are deposited and 
patterned (Fig. 5B). The catalytic material (10) is deposited on top of the electrodes 
(Fig. 5B). The choice of the catalytic material depends on the gas to be detected and can 
be selected by a large range of materials (SnQ 2 for example) or any material whose 

50 electrical characteristics depend on the ambient gas. The release of the porous silicon 
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membrane is performed in the way described previously. Fig. 5C shows a cross 
sectional schematic drawing of the gas sensor after the release of the porous silicon 
5 membrane, where we can see the cavity (6) formed under the porous silicon membrane 
(2). 

In another embodiment of the present invention, a thermal conductivity sensor can be 
formed by depositing a Pt resistor (12) on top of a Porous Silicon membrane (2) 
suspended over the cavity (6), as illustrated in Fig. 6. An insulating layer (3) may exist 
10 between the resistor and the Porous Silicon membrane (2). The dimensions of the 
suspended porous silicon membrane (2) can be changed in order to modulate the 
response time of the sensor. 

Although the description we have provided up to now has focused on the release of 
porous silicon membranes, it is possible to use the method described in this invention 
15 for the release of suspended membranes that are made of silicon oxide, nitride or any 
stack of these materials, due to the high selectivity of dry etching of Si with respect to 
SiCVSisNi*. With a slightly modified fabrication process, polycrystalline silicon 
membranes can be also released. 

The present invention has been described in terms of a number of preferred 
20 embodiments. The invention is not limited to the embodiments depicted and described. 
The scope of the invention is defined by the appended claims. 



25 
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Claims 

What is claimed is: 

5 

1. A front-side silicon miCTomachining process for the fabrication of suspended 
Porous Silicon membranes in the form of bridges or cantilevers, comprising the 
following steps : (a) Formation of a Porous Silicon layer in, at least one, predefined 
area of a Silicon substrate, (b) Definition of etch windows around or inside said Porous 
10 Silicon area using standard photolithography, (c) Selective etching of the Silicon 
substrate, underneath the Porous Silicon layer, by using dry etching techniques to 
provide release of the Porous Silicon membrane and to form a cavity under the said 
Porous Silicon layer. 

15 2. The front side silicon micromachining process of claim 1 for the fabrication of 
suspended Porous Silicon membranes in the form of bridges or cantilevers, further 
comprising the formation of a patterned conductive layer on top' of said porous silicon 
membrane. The said patterned conductive layer is used as a heater for the fabrication 
of thermal sensor devices. 

20 

3. The use of the patterned conductive layer on porous silicon membrane of claim 
2 as a heater for the fabrication of thermal sensors, such as gas or thermal conductivity 
sensors. 

25 4. A gas sensor device comprising: (a) a silicon substrate with at least one Porous 
Silicon area, (b) a suspended membrane of said Porous Silicon area, in the form of a 
bridge or cantilever, said suspended membrane of porous silicon fabricated by the 
front-side dry etching of said silicon substrate (c) a patterned conductive layer on said 
suspended membrane (d) an insulating layer on top of said conductive layer (e) a 

30 catalytic material on top of said insulating layer (f) a thermal sensing element to sense 
the temperature change due to the reaction of the ambient gas with the catalytic 
material. 

5. The gas sensor of claim 4 wherein said thermal sensing element is a R resistor. 

35 

6. The gas sensor device of claim 4 wherein said thermal sensing element consists 
of a number of thermocouples, one contact of said thermocouples being on the 
suspended porous silicon membrane, the other contact being on'bulk silicon. 

40 7. A gas sensor device comprising : (a) a silicon substrate with at least one Porous 
Silicon area, (b) a suspended membrane of said Porous Silicon area, in the form of a 
bridge or cantilever, said suspended membrane of porous silicon fabricated by the 
front-side dry etching of said silicon substrate (c) a patterned conductive layer on said 
suspended membrane (d) an insulating layer on top of said conductive layer (e) metal 

45 electrodes on top of said insulating layer and (f) a catalytic material on top of said 
electrodes, the resistivity of the said catalytic material being dependent on the ambient 
gas. 

8. A thermal conductivity sensor comprising: (a) a silicon substrate with at least 
50 one Porous Silicon area, (b) a suspended membrane of said Porous Silicon area, in the 
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form of a bridge or cantilever, said suspended membrane of porous silicon fabricated 
by the front-side dry etching of said silicon substrate (c) a patterned conductive layer 
5 on said suspended membrane, where said patterned conductive layer is a Pt resistor. 
The dimensions of the said porous silicon membrane can be changed in order to 
modulate the response time of the sensor. 
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[Received by the International Bureau on 29 November 2002 (29.11.02): 
original claims 1, 2, 5, 6 are unchanged, Claim 3 is cancelled and Claims 4, 7 and 8 are 
replaced by amended claims claims bearing the same numbers ( 2 pages)] 

5 

1. A front-side silicon micromachining process for the fabrication of suspended 
Porous Silicon membranes in the form of bridges or cantilevers, comprising the 
following steps : (a) Formation of a Porous Silicon layer in, at least one, predefined 
area of a Silicon substrate, (b) Definition of etch windows around or inside said Porous 
10 Silicon area using standard photolithography, (c) Selective etching of the Silicon 
substrate, underneath the Porous Silicon layer, by using dry etching techniques to 
provide release pf the Porous Silicon membrane and to form a cavity under the said 
Porous Silicon layer. 

15 2. The front side silicon micromachining process of claim 1 for the fabrication of 
suspended Porous Silicon membranes in the form of bridges or cantilevers, further 
comprising the formation of a patterned conductive layer on top of said porous silicon 
membrane. The said patterned conductive layer is used as a heater, for the fabrication 
of thermal sensor devices. 

20 

4. A gas sensor device based on Porous Silicon suspended membranes in the form of 
bridges or cantilevers fabricated by the front side micromachining process of claim 1 
and composed of : (a) a silicon substrate, (b) a suspended membrane on top of a cavity 
on the silicon substrate to provide local thermal isolation, (c) a patterned conductive 
25 layer on said suspended membrane, (d) an insulating layer on top of said conductive 
layer, (e) a catalytic material on top of said insulating layer (f) a thermal sensing 
element to sense the temperature change due to the reaction of the ambient gas with the 
catalytic material. 

30 5. The gas sensor of claim 4 wherein said sensing element is a Pt resistor. 

6. The gas sensor device of claim 4 wherein said thermal sensing element consists of 
a number of thermocouples, one contact of said thermocouples being on the suspended 
porous silicon membrane, the other contact being on bulk silicon. 

35 

7. A gas sensor device based on Porous Silicon suspended membranes in the form of 
bridges or cantilevers fabricated by the front side micromachining process of claim 1 
and composed of: (a) a silicon substrate, (b) a suspended membrane on top of a cavity 
on the silicon substrate to provide local thermal isolation, (c) a patterned conductive 

40 layer on said suspended membrane (d) an insulating layer on top of said conductive 
layer (e) metal electrodes on top of said insulating layer and (f) a catalytic material on 
top of said electrodes, the resistivity of the said catalytic material being dependent on 
the ambient gas. 

45 8. A thermal conductivity sensor based on Porous Silicon suspended membranes in 
the form of bridges or cantilevers fabricated by the front side micromachining process 
of claim 1 and composed of : (a) a silicon substrate, (b) a suspended membrane on top 
of a cavity on the silicon substrate to provide local thermal isolation, (c) a patterned 
conductive layer on said suspended membrane, where said patterned conductive layer 

50 is a Pt resistor. The dimensions of the said porous silicon membrane can be changed in 
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order to minimize thermal losses and modulate the response time of the sensor. 
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Figure 1C 
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Figure 2B 
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Figure 5B 
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